analysis. The low Reynolds numbers for the lower portion of the crop could account for the deviation. The energy balance approach required more measurements but was easier to apply in calculating the distribution of the transfer coefficient for the computation of the vertical flux of such entities as heat, water vapor, and carbon dioxide within the crop.
Additional index words: exchange coefficient, wind profile, temperature profile, humidity profile, drag coefficient.
T HE exchange of the molecular and energy components within the aerial environment of the plant community is associated with the physical and physiological processes existing therein. An ability to accurately measure this rate of exchange makes possible a determination of the rates of the processes. Of particular interest are the rates of photosynthesis and transpiration.
The momentum and energy balance methods were used in this study to determine the vertical transfer existing within a growing crop under natural field conditions. The necessary measurements for both methods were made simultaneously so that a direct comparison of results could be made. The transfer coefficient, a parameter similar to a molecular diffusion coefficient which characterizes the turbulent transfer by relating the intensity of transfer to the existing gradient, was separately calculated by both the energy balance and momentum balance methods. Brown and Covey (2) have reported on the energy balance portion of this study in detail, and Uchijima and Wright (11) have discussed some aspects of the momentum balance approach.
Recently, the energy balance approach has found increasing use in the study of the transfer rates of the heat budget constituents at the earth/air interface and particularly the (1, 4, 6, 7, 8, 9) . The momentum balance approach has been used in only a few cases to study the vertical transfer near the surface (10). In most cases, the two methods have not been employed simultaneously nor under conditions permitting a direct comparison and evaluation. THEORETICAL A brief statement of the more basic aspects of the two approaches is presented for clarity. More detailed discussions are given by Brown and Covey (2) and Uchijima and Wright (11).
Turbulent transfer, the swirling and mixing motion of parcels of air, serves as a type of mass transfer process and accounts for most of the molecular and energy exchange within the crop. During the daytime, the incoming energy from the sun both warms the crop and provides energy for the evaporation of water and the photosynthetic fixation of CO2. The temperature and water vapor concentration increases within the crop and there is a net upward flux of heat and water vapor to the air above. The crop thus acts as a source of heat and water vapor. At the same time, photosynthesis creates a sink for CO2 so that there is a net downward flux from the air above. The magnitude of the thus established gradients is a function of the intensity of the source or sink and the existing rate of transfer. The same turbulent transfer processes accomplish both transfers simultaneously, although the gradients may be in opposite directions. Transfer coefficients computed by some method can, therefore, be applied to the determination of the rates of transfer of other entities not explicitly involved in the determination of the transfer coefficient. Accordingly, the turbulent transfer coefficients can be applied in the determination of the rate of photosynthetic fixation of carbon dioxide if the respective concentration gradients are measured (14). 
List of Symbols and Dimensions
Inasmuch as turbulent transfer is a type of mass transfer, the transfer coefficient for the separate entities is not as much a function of the molecular properties as is the case with molecular diffusion coefficients. Assuming the equality of the K's, substitution of equations [2] and [3] for the sensible and latent heat terms in the energy balance equation [i] leads to an expression for the combined transfer coefficient:
The term K, can thus be obtained from the energy balance method by measuring at some height, either within or above the crop, the air temperature gradient, humidity gradient, net radiation, and the soil-heat and plant-heat storage terms. Once this combined transfer coefficient is calculated it may be used to calculate the latent heat flux and sensible heat flux by equations [2] and [3] .
Momentum Balance
The surface drag of the soil or crop gives rise to a vertical flux of momentum downward from the moving air mass above, with an associated decrease in horizontal velocity. The concept of the coefficient of drag for flow past solid bodies, as defined in fluid mechanics, can be extended to the plant community. The drag coefficient can then be used to relate the divergence of momentum flux to the frictional surface area of the plant and the wind velocity. [5] lJ If the drag coefficient is assumed to be independent of height, this equation can be rewritten as
which gives a method of determining the drag coefficient. The distribution of the shearing stress with height within the crop is then given by h T. = "Th -pa C F. u2z dz [ 7] For flow past smooth, uniform objects, the surface area of the object is used in the determination of the drag coefficient. In the case of a plant, however, the effective surface area is less well defined. For purposes of this study, the leaf area of the plants was used as a reasonable first approximation of the effective frictional surface. Accordingly, the distribution of leaf area with height was used to calculate the Fz function. Removal of C from under the integral sign in equation [6] assumes C to be independent of height. To be valid, C must be independent of windspeed and the nature of the frictional surface (in this case the corn plant) must be uniform with height. Results obtained in fluid mechanics investigations have shown that C is relatively independent of windspeed for windspeeds of sufficient intensity to insure fully developed turbulence. The nature of the leaves and stems of the corn crop are fairly uniform with height except for the tassel and ears.
Another expression for the shearing stress (where shearing stress and momentum flux are used interchangeably) equates the flux of momentum to the velocity gradient by a momentum transfer coefficient.
The distribution of the transfer coefficient with within the crop can then be written as
[9] The momentum balance approach thus requires the determination of the mean windspeed profile above and within the crop and the measurement of the effective surface area of the plant.
EXPERIMENTAL PROCEDURE
The measurements for this comparative study were made in a 5-ha field of corn in Ellis Hollow near Ithaca, N. Y, on September 12, 1962. The day was clear with moderate northwesterly winds.
Basic Assumptions
Though both the energy balance and momentum balance methods are derived from basic physical principles, there are some assumptions and weaknesses in the application of these methods which should be stated. To be valid, the measurements for both methods must be made within the boundary layer of the surface-air-layer. As applied in this study, the methods require that there is no horizontal divergence of the respective quantities, i.e., that conditions are sufficiently uniform in a horizontal sweep around the measurement site to assure that the measurements truly reflect the vertical flux of momentum, mass, and energy at the site. To some extent, steady state conditions are necessary during the measurement periods, becauses in many cases mean values of the various parameters are used to simplify the measurement and analysis procedures. Both methods have been developed for free air flow. As applied here within the crop, there is the basic assumption that the bulk air patterns within the crop are subject to the same treatment as the free air above and that the differences in the distribution of the sources and sinks for the various entities are either taken into account in the analysis procedures or that they do not materially affect the results.
Some specific assumptions in the application of the energy balance are that the smaller components can be neglected and that there is no radiative flux divergence. As mentioned, certain conditions of similarity are assumed such as the equality of the transfer coefficients. The momentum balance approach is specifically subject to the assumptions concerning the drag coefficient. The comparison of the two methods assumes that the processes involved in the transfer of mass and energy are similar to those for the transfer of momentum. In all cases, the accurate recording of the intensities of the various highly transient processes demands the utmost care in instrumentation and technique.
Windspeed measurements were obtained for six heights above the crop with conventional cup anemometers and at one level above and three levels within the crop with Hastings heated thermocouple anemometers. The Hastings signals were continuously recorded on strip chart recorders. The chart records were hand-digitized and mean values of windspeed were calculated by computer analysis. Radiation measurements were made within the crop with the type of net radiometers described by Fritschen (5) . These were mounted on a traversing mechanism to give spatial sampling across the corn rows. A special air sampling tower with aspirated wet and dry thermocouples was used to obtain dry-bulb and wet-bulb depression measurements within and above the crop. Stem temperatures were obtained with copper-constantan thermojunctions inserted into the stalk. Disc-shaped soil heat flow transducers wired in series were used to measure soil heat storage. Self-balancing millivolt recording potentiometers were used to record all signals.
Measurements of the plants included height, fresh and dry weight, and leaf area index.
The windspeed and energy balance measurements were taken continuously during 10-min periods near the beginning of each hour during the day. Ten-min mean values were calculated from these data and used to construct the respective profiles which were used in turn for gradient determination. [For a more detailed discussion of procedures, refer to Brown and Covey (2) and Lkhijima and Wright ( 1 ) .]
DATA ANALYSIS AND RESULTS
The height of the crop was 250 an. The summer had been drier than normal and the corn crop was shorter and not nearly as lush as in previous years.
The 10-min mean windspeed profiles for several of the runs, together with a diagrammatic representation of the leaf area with height, are shown in Fig. 1 .
Transfer coefficients were computed by momentum balance analysis by equation [9] . The shearing stress 7,, at the top of the crop was computed from the windspeed data above the crop by logarithmic profile analysis in the usual manner (13) . The drag coefficient was calculated by equation [6] .
The temperature and humidity profile data are shown in Fig. 2 and 3 , The values of the combined transfer coefficient K5, as calculated by energy balance analysis by equation [4] , are given in Table 1 . The respective transfer coeff icient profiles were normalized by calculating the ratio K/K,, where Kb is the value at the top of the crop. This was done to smooth out short period discrepancies and to permit comparison of the results. A comparison of the normalized transfer coefficient distributions obtained by momentum balance and energy balance methods for the period 0900-1600 hours is shown in Fig. 4 . Each point is the average of the respective normalized values for the 10-min profiles. In the upper 9/10 of the crop, the distribution shown in this figure fits the equation
where "a" has a value of 2.88. The normalized distributions are nearly the same in the upper portion of the crop.
The absolute values of the transfer coefficient at the top of the crop as calculated by the two methods are shown as a function of windspeed at the top of the crop in Fig. 5 . At the higher windspeeds, the K values calculated by the energy balance were nearly twice as large as those calculated by the momentum balance.
A back calculation of the drag coefficient from equation [9] , using the K values obtained from the energy balance analysis and the windspeeds actually measured, was made to check the accuracy of the assumption that C was constant with height. Values of CD were calculated for zones or increments of height of 50 cm for three representative windspeed profiles covering the range of windspeeds measured on that day. The resulting Co values are plotted in 
DISCUSSION
The agreement between the normalized distributions of K as determined by the two methods and yet the difference in the absolute values at higher windspeeds require some discussion. The agreement in the shape of the distributions and the agreement of the absolute values within a factor of two even at the higher windspeeds is encouraging, considering the several required assumptions. It indicates that with refinement in technique and theory the two separate approaches may yield results in close agreement.
The energy balance method should be more precise under low windspeed conditions when the temperature and humidity gradients are greatest, whereas the momentum balance analysis should be more exact at the higher windspeeds when forced convection predominates, turbulence is fully developed and the windspeed gradients are greatest. The energy balance K values, when used to calculate values of the shearing stress according to equation [8] , yielded extremely high values at the higher windspeeds (9.75 dynes cm-2 for a uh of 300 cm sec-1),
It is true that the momentum balance approach yielded a momentum transfer coefficient, whereas the energy balance • Ri m 1(erH8T/8zitiouie with actual tentperatare taken to be equal to the potential temperature became of the nearnese to the Surfloe, yielded a combination of the sensible and latent heat exchange coefficients. Though it is not expected that these coefficients are exactly equal, it is generally held that they are more nearly equal than would account for the differences observed in this study for the existing conditions of stability. Webb (12) has reviewed the relatipnship of the exchange coefficients as dependent upon Richardson numbers as a measure of stability conditions. According to his discussion, the Ri numbers obtained in this study as presented in Table 2 would predict equality of the exchange coefficients, The results of Crawford (3) also imply that transfer coefficients for heat and vapor transfer should be equal under these conditions.
We realized at the outset that the assumption of the constancy of the drag coefficient with height and with windspeed in the momentum balance analysis was not exactly valid. However, in the absence of more exact knowledge about the functional relationship of the drag coefficient C, this simplifying assumption permitted the solution of equation [5] . Utilizing this assumption for the entire crop in determining C by equation [6] should have resulted in an average value of C which, when used to determine values of Km , would produce results nearly the same as if the exact functional relationship of C had been used.
The results presented in Fig. 6 showing the drag coefficient CD as a function of both windspeed and height within the crop are in actuality the type of results that would be expected. As previously mentioned, these values of CD were calculated by assuming the final results of the energy balance analysis to be correct and then calculating back to a drag coefficient.
As mentioned earlier, for flow past smooth, uniform objects, the drag coefficient is relatively independent of windspeed for fully developed turbulence. However, this holds only for solid objects when there is no deformation or change in shape with increasing windspeed. However, in the case of vegetation which is highly flexible, we know that there is a deformation and also a flapping of leaves and a swaying of the entire plant associated with increasing windspeed, The streamlining of the plant parts might be expected to decrease the drag coefficient, but the relationship of surface and form drag would also change so that the overall result could well be an increase in the total drag coefficient. The flapping and swaying of the plant would certainly be expected to increase the total drag coefficient.
The higher values of Cr, near the soil surface are reasonable inasmuch as in the calculation of Cr, it was assumed that all of the frictional resistance was due to the plant when, in fact, the ground surface itself would certainly present some frictional resistance. Also, a Reynolds number effect would be expected in this zone of relatively low wind velocities and decreased turbulence.
In the upper tasseled portion of the crop, the lower values of Cr, could well be due to the shape and roughness characteristics of the tassels which might result in less frictional resistance per unit of exposed area than would be the case for wide stalks and broad leaves, On the other hand, it may merely reflect that the area value used in the calculations was not the true representative surface area presented by the tassels. The determination of such an area could well be the subject of much intensive investigation itself in the case of objects such as corn tassels.
The airflow conditions existing within the crop are not exactly similar to those existing in the usual wind tunnel determinations of drag coefficients for various bodies. In these determinations, the bulk airflow is nearly uniform around a single object on which the drag is being measured. Within the corn crop, on the other hand, there A definite velocity gradient in the bulk airflow. It is also possible that an interaction between leaves exists so that where there are several levels of drag surfaces the drag coefficient may increase with depth into the crop. The same leaf would therefore have different drag coefficients at different positions within the crop. Channeling of the airflow can occur within the crop, especially if the wind direction is parallel to the row orientation. In this investigation, however, the wind direction was essentially cross-row so this effect would have been minimal.
Proceeding to a discussion of other aspects of the analysis of data, it should be mentioned that the determination of the respective gradients in the case of both methods is a very crucial step. Slight differences in this phase of the analysis can have rather pronounced effects upon the final results. The slope determination is particularly complicated right at the top of the crop where conditions change rapidly with height.
The underestimation or overestimation of the total shearing stress at the top of the crop as determined by logarithmic profile analysis is also a possible source of difference. A direct determination of the total drag would greatly improve the reliability of this portion of the analysis. A more precise measurement of the effective frictional surface area of the plant is needed in the momentum balance analysis, though this would improve the accuracy of the shape of the K profile within the crop rather than change appreciably the absolute value of K.
The disagreement in the lower portion of the crop could well be due to differences in the respective K's for heat, vapor, and momentum transfer, inasmuch as the Reynolds numbers are low in this zone and free convection can be significant at certain times of the day.
CONCLUSIONS
The shape of the normalized profiles of the transfer coefficient as determined by both the momentum balance and energy balance approaches was in good agreement. The normalized values as determined by the energy balance were slightly larger near the soil surface. The values of the separately determined transfer coefficients agreed at the lower windspeeds, but at the higher windspeeds the energy balance yielded K values twice as large as the momentum balance values.
An absolute check on total drag or heat and vapor flux was not available. However, based on results reported in the literature, it seemed that the assumption of equivalency of the separate transfer coefficients was justified for the calculated Richardson number. Though no absolute proof was available, it seemed that the momentum balance K's might be low because of an underestimation of total shearing stress as determined by logarithmic profile analysis and that the energy balance K's were too large at the higher windspeeds as evidenced by the extremely large shearing stress values predicted from these K values.
A comparison of these methods at a location where an absolute check is available, such as a lysimeter with capabilities of sensing weight changes and surface drag, is highly desirable. Though the results preclude quantitative determinations of beat and vapor flux and the extension to the calculation of carbon dioxide flux at this point, they do indicate that semi-quantitative assessments of these fluxes can be attempted with either method.
In the absence of high-speed recording means and sensitive anemometers, the energy balance approach is easier to apply.
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